Abstract: Radiation-induced organizing pneumonia (RIOP) is an inflammatory lung disease that is occasionally observed after irradiation to the breast. It is a type of secondary organizing pneumonia that is characterized by infiltrates outside the irradiated volume that are sometimes migratory. Corticosteroids work acutely, but relapse of pneumonia is often experienced. Management of RIOP should simply be symptom-oriented, and the use of corticosteroids should be limited to severe symptoms from the perspective not only of cost-effectiveness but also of cancer treatment. Once steroid therapy is started, it takes a long time to stop it due to frequent relapses. We review RIOP from the perspective of its diagnosis, epidemiology, molecular pathogenesis, and patient management.
Introduction
Pneumonia is one of the most common causes of death around the world, but various pathogeneses may be responsible. It is divided into alveolar and interstitial pneumonia, and interstitial pneumonia needs further classification [1] . Organizing pneumonia (OP) is a type of interstitial pneumonia and consists of cryptogenic organizing pneumonia (COP) and secondary organizing pneumonia (SOP) [2] . Radiation-induced organizing pneumonia (RIOP), which also used to be called radiation-induced bronchiolitis obliterans organizing pneumonia (BOOP) syndrome is one type of SOP. It was first reported by Crestani et al. and Bayle et al. in 1995 [3,4] . Since the term "bronchiolitis obliterans" does not reflect the actual pathophysiology, the name BOOP was replaced by organizing pneumonia. According to this, the name radiation-induced organizing pneumonia (RIOP) is considered better [5] . Several reports of RIOP were published, and its incidence was reported to be less than 3% [5] [6] [7] [8] [9] [10] [11] [12] (1.7% in an extensive literature review [13] ) after radiotherapy involving the breast. Although RIOP is classified as SOP, no actual fatal cases have been reported so far. However, the mortality of OP is estimated to be 5% [14] , and SOP is reported to have a higher mortality than COP [15, 16] , so physicians need to pay attention in the management of RIOP.
Diagnosis
In the report of Crestani et al., the following four criteria were introduced [17] : (1) radiation therapy to the breast within 12 months; (2) general and/or respiratory symptoms lasting for at least two weeks; (3) lung infiltrates outside the radiation port; and (4) no specific cause. However, subsequent reports contained patients who did not fulfill all of these criteria, and the nature of RIOP was gradually revealed, which requires us to reconsider them.
Partial Irradiation Involving the Lung Occurring Approximately within 12 Months
Since most reports were based on the original criteria, most of the RIOP cases in the literature were diagnosed within 12 months after the completion of radiotherapy. Among them, up to 90% of the reported cases were diagnosed within six months after the completion of radiotherapy [5] [6] [7] [8] [9] 11, [18] [19] [20] . However, RIOP cases after more than 12 months were also reported; Arbetter et al. reported one case after 17 months, who was diagnosed by resection of an asymptomatic lung nodule [19] ; Kubo reported a case after 23 months whose diagnosis was confirmed by bronchoscopy and whose onset was presumed to be delayed by immunosuppressive agents prescribed for coincident rheumatoid arthritis [9] .
RIOP is not specific to irradiation of the breast or to women. Although reports are limited, RIOP has also been reported in lung cancer and thymoma patients, including male patients [21] [22] [23] [24] [25] . This fact supports the idea that the pathogenesis of RIOP is not related to breast cancer or sex, but to partial irradiation involving the lung. In addition, not only the conventional irradiation technique, which takes more than one month, but also ablative radiotherapy, which is completed within one or two weeks, can cause RIOP. Murai et al. and Ochiai et al. reported RIOP after stereotactic body radiotherapy (SBRT) for lung tumors [26, 27] . Interestingly, the onset is longer after SBRT than after conventional radiotherapy; it has been reported to be at least 6 months after completion of radiotherapy and sometimes more than 12 months, in contrast to the short duration of treatment.
Lung Infiltrates Outside the High Irradiation Dose Area
After the completion of radiotherapy involving the lung, radiographic pulmonary changes on computed tomography (CT) are reported in 78% of cases at 3-9 months after radiotherapy and are thus common [28] . In the management of breast cancer patients, the volume of these changes is usually limited and seldom causes symptoms in this range. RIOP is noticed by the spreading of infiltrate outside the irradiated volume [3, 4] . Chest radiographs show air-space opacities or diffuse infiltrative opacities, which are often detectable without CT scans. On CT scan images, peripheral air-space opacities with air bronchograms and ground-glass opacities are common, and multiple alveolar opacities on imaging represent the most frequent and typical imaging features of OP [29] . Migratory infiltrates are another feature of RIOP [4, 5] and can be observed until corticosteroid therapy is initiated [17] . Ogo et al. classified the infiltrative pattern into four types: Type A, peripheral area in the radiation field and a continuous opacity that represents consolidation with or without an air-bronchogram, ground-glass attenuation, and/or nodular opacity; Type B, peripheral area in the radiation field and continuous alveolar infiltration in the zone of the middle lung; Type C, peripheral area in the radiation field and isolated consolidation on the back side of the radiation field; and Type D, peripheral area in the radiation field and consolidation or ground-glass attenuation (or both) in the contralateral side [8] . Among these patterns, Type A was the most common (65%), and multiple types were observed in 43% of patients. The clinical course of lung infiltrates was also classified into 3 types: Type 1, the ipsilateral side; Type 2, progressing on the ipsilateral side; and Type 3, moving from the ipsilateral side to the contralateral side [8] . Type 2 (13%) and Type 3 (22%) would correspond to migratory lesions in other reports [4] , but their incidence varies from 17% to 100% [5, 7, 17, 19, 20] .
No Other Specific Cause
Organizing pneumonia is known to occur from several triggers. The most important cause to be distinguished is infection, since subsequent corticosteroid treatment might worsen the condition. Bacterial pneumonia sometimes resembles OP on radiographic examination. Microbial culture of sputum or bronchoalveolar lavage (BAL) fluid would be helpful in ruling out bacterial infection. When BAL fluid is available, it shows an increase in lymphocytes, mast cells, CD3 cells, and CD8 cells, and a decrease in CD4 cells and the CD4/CD8 ratio [30] , and this would support the diagnosis of RIOP.
Cottin et al. reported that chronic eosinophilic pneumonia (CEP) occurred after radiotherapy to the breast [31] . Interestingly, the clinical features of CEP after radiotherapy were almost the same as those of RIOP: CEP was observed 1-10 months after completion of radiotherapy; the migratory lung infiltrate was also similar to that of RIOP; and corticosteroids worked well. Considering these similarities, patients with CEP after radiotherapy might have been diagnosed as RIOP. Since all patients had a history of asthma or atopy [31] , patients with allergy seemed to be predisposed to CEP. Eosinophilia may be a key finding to discriminate it from RIOP, and an increased number of eosinophils in the BAL fluid may support the diagnosis. However, considering that corticosteroid works effectively, as in RIOP, as mentioned above, definite discrimination of these two would not be critical in managing patients.
General and/or respiratory symptoms lasting for at least two weeks were another diagnostic criterion. Clinical manifestations include fever, nonproductive cough, dyspnea, malaise, fatigue, chest pain, and weight loss [8, 13, 17] . However, several reports included asymptomatic patients [5, 10, 19] who manifested similar radiographic features or histopathologic observations. RIOP has gradually gained attention, and the diagnosis of RIOP can often be made within two weeks. Despite the impressive lung imaging findings, symptoms are not always serious and can be relieved by antitussives or non-steroidal anti-inflammatory drugs within two weeks. Indeed, the symptoms are important when considering the management of RIOP, but the diagnosis of the massive lung infiltrates does not require the presence of symptoms.
Although these criteria describe the features of RIOP, RIOP is ultimately COP with a history of irradiation. In the current criteria, RIOP includes genuine COP after radiotherapy by chance. It is not very important to discriminate them because their general management is similar [14] , but we should carefully diagnose RIOP as much as COP if the patient's general condition is unfavorable. If the treatment response is poor, or the clinical course or chest imaging findings are not typical for RIOP, a video-assisted thoracoscopic lung biopsy should be considered to confirm a definitive diagnosis of OP [13] .
Pathogenesis and Epidemiology
OP is known as an inflammatory response to acute lung injuries. Development of OP has been reported to go through three stages [32] . The first stage is the injury phase: local epithelial injury induces the death of pneumocytes and the formation of gaps in the basal lamina [29, 33] . The second stage is the proliferating phase: fibroblasts and inflammatory cells, such as lymphocytes, neutrophils, and eosinophils, infiltrate the alveolar interstitium and form fibroinflammatory buds. Activated fibroblasts proliferate, differentiate into myofibroblasts, and form cell clusters within the distal airspaces. The third phase is the mature phase: mature fibrotic buds occupy the lumens of bronchioles, alveolar ducts, and adjacent peribronchiolar alveoli [29, 33, 34] . Recently, transgenic mice overexpressing human C-C motif chemokine ligand 2 (hCCL2) under control of the surfactant protein C promoter in type II alveolar epithelial cells were reported to work as an animal model for OP [35] . This animal model showed pathogenomic, molecular, and morphological features of human OP and exhibited a similar inflammatory profile, which is a key feature in interpreting human OP. In this model, the generation of OP was completed in 7 days. As for RIOP, the epithelial injury would be irradiation-induced. The most lethal effect in the irradiated cells is DNA double-strand breaks, and the cells in the thorax develop apoptosis if they fail to recover from the DNA damage. Interestingly, cell death after irradiation can start within 10 h [36] , but the onset of RIOP is delayed by about 6 months after the completion of radiotherapy. Furthermore, RIOP after SBRT, which delivers a higher dose to the cancer and circumscribed lung tissue than does conventional radiotherapy to the breast, is delayed even more [26, 27] . In COP cases, the time to onset is known to be less than three months [32] . Additional insights are necessary to understand what is going on during this long gap. When we look into other secondary OPs, drug-related OP can occur months to years after drug administration [14] . The first step to treating drug-related OP is to discontinue the suspected agents. In contrast, most cases of RIOP occur after completion of radiotherapy. The trigger had already been disseminated and already finished several months before the onset of RIOP.
As another explanation of the pathogenesis of RIOP, mutations in the ATM (ataxia telangiectasia mutated) gene were proposed [37] . The ATM gene is a key molecule to repair DNA double-strand breaks whose mutation brings hypersensitivity to irradiation [38] and predisposes to cancer [39] . A patient with RIOP who was also diagnosed to have monoallelic germline ATM mutation was reported [37] . Interestingly, the frequency of ATM mutation carriers among women affected with breast cancer has been estimated to be 2.04% [40] , similar to that with RIOP. This might be the explanation of the long time between radiotherapy and RIOP. Further epidemiologic evidence and analysis of causal molecular background are expected.
Several risk factors have been identified for RIOP: age [11, 41] , irradiated lung volume [9] , concurrent endocrinology [11] , and smoking [13, 41] . Kubo et al. reported that a central lung distance of more than 1.8 cm, which means the extent of irradiated lung volume is a risk for RIOP [9] . Considering the pathogenesis, it is reasonable that some extent of irradiated lung volume is required to prime the consequent immune-responses that lead to RIOP. However, a central lung distance of below 1.8 cm is too strict a limit to require for every breast-irradiation treatment. Since the incidence of RIOP is below 3.0% [13] and its prognosis is generally good, the radiation field should not be minimized too much for fear of RIOP.
As another risk factor for RIOP, concurrent endocrine therapy is controversial. Katayama et al. reported that endocrine therapy, including both tamoxifen and anastazole, was a risk factor [11] , but Kubo did not find it to be significant [9] . Tamoxifen is known to induce transforming growth factor-β (TGF-β) secretion, which causes lung fibrosis [42, 43] . Epidemiologic observations reported that tamoxifen was a risk for lung fibrosis on multivariate analysis [44] . However, epidemiologic data showed that concurrent usage of tamoxifen does not increase the incidence of pneumonitis compared to the sequential usage of tamoxifen [45, 46] . Today, the concurrent usage of tamoxifen is considered tolerable. As for aromatase inhibitors, a randomized controlled trial showed that the incidence of lung fibrosis was similar between concurrent and sequential administration of aromatase inhibitors [47] . Although these data did not refer to RIOP as a specific disorder, concurrent endocrine treatment is considered tolerable. Because of the rarity of RIOP, it is difficult to assess the actual risk of concurrent endocrine therapy, but it seems that endocrine therapy need not be interrupted at the initiation of radiotherapy.
Patient Management
RIOP is generally a complication with a good prognosis due to the acute effectiveness of corticosteroids [17] . However, relapse of RIOP is common when steroids are administered [13, 17] . Okada et al. reported that relapse after steroid therapy was associated with higher C-reactive protein levels at RIOP diagnosis [12] . We previously reported that steroid-treated patients relapsed at a significantly higher rate [5] . Since no new lesion was recognized during steroid administration, we assumed that steroid therapy effectively suppresses the development of new lesions (migratory infiltrate). However, this suppressive effect seemed to decline with steroid tapering; therefore, new lesions (relapses) appeared particularly in patients in the steroid group. We hypothesized two reasons: steroids can postpone the development of new lesions by suppressing tissue responses to inflammation; and they can cause the relapse of tissue-damaging responses.
We also showed that patients in the steroid group took less than half a month to achieve symptom relief after the administration of steroids. Other reports also indicate that steroid therapy has a strong role in the rapid relief of initial RIOP symptoms [6, 17] . In contrast, some patients in the nonsteroid group experienced persistent symptoms for up to three months [5] . Since nonsteroidal treatment of RIOP was reported to result in almost normal lung function without severe sequelae [5, 10] , steroids can be saved as a last resort in managing RIOP. If RIOP is relieved without steroid therapy, the overall time to become free of symptoms, steroids, and other medications would be shorter than with steroid treatment [5] . Adverse effects of systemic steroid therapy include infection, adrenal insufficiency, osteoporosis, peptic ulcer disease, cataract formation, dermal thinning, hypertension, diabetes, psychosis, and hyperadrenocorticism [48] , and additional management is necessary once steroid is initiated. Steroid is routinely used in several situations during cancer treatment, such as controlling nausea and vomiting and improving symptoms caused by advanced disease [49] . However, patients who undergo chemotherapy are predisposed to lung infections [50] , and steroid therapy shares this risk. In addition, use of corticosteroids in patients with solid tumors could induce resistance to treatment in cancer cells in some patients [49, 51, 52] . Thus, nonsteroidal treatment is favored in terms not only of short treatment time, requiring less care and medicine, and therefore cost-effectiveness, but also of treatment effectiveness for cancer.
RIOP is often noticed during the follow-up after completion of radiotherapy. RIOP patients may come to clinics with flu-like symptoms or massive lung infiltrates. For the physicians who are not engaged in their cancer treatment, getting the history of radiotherapy is the first step to diagnosing RIOP. The next step is to evaluate the chest X-ray. As for breast cancer patients, lung infiltrates of RIOP are obvious, in contrast to radiation pneumonitis. If the chest X-ray is abnormal, CT is necessary. These steps are similar to common pneumonias. If there is a history of radiotherapy within one year or more, and infiltrates outside the high-dose irradiated area are confirmed, the diagnosis of RIOP takes just one more step, but it is the most difficult one. On the radiographic appearance, if typical imaging features of OP are seen, most experienced clinicians may make the diagnosis [29] . COP had the highest rate of correct diagnosis among the interstitial pneumonias, in 79% of cases [53] , suggesting that the CT imaging features are characteristic. However, it is not always easy to rule out infection. Sputum culture is recommended if available. Empiric antibiotic therapy is permitted for ambiguous cases because it does no harm to RIOP, but it makes the diagnosis unclear. BAL is indicated in all cases where COP is suspected [29] . Since RIOP includes various general conditions, patients with no or mild symptoms should undergo repeated chest imaging instead of BAL [13] . Patients with severe symptoms and/or considerable steroid therapy will benefit from BAL fluid analysis.
Treatment of RIOP should simply be symptom-oriented ( Figure 1) ; no medication is necessary for asymptomatic patients, and antitussives and non-steroidal anti-inflammatory drugs can be prescribed for patients with cough and/or fever. If the patient develops shortness of breath, evaluation of hypoxemia is necessary, and hospitalization should be considered depending on the degree. Steroid treatment can be used whenever rapid symptom relief is required, but it should be restricted to patients who have already undergone BAL fluid analysis and the diagnosis of RIOP is supported. If steroid treatment response is poor, or the clinical course or chest imaging findings are not typical for RIOP, a video-assisted thoracoscopic lung biopsy should be considered to confirm a definitive diagnosis of OP [13] . Relapse of RIOP is common once tapering of steroid therapy begins. The optimal tapering schedule to avoid RIOP relapse is not yet known. 
Conclusions
In summary, RIOP is an OP observed after radiotherapy involving a limited volume of lung. It is relatively rare, but its prognosis is good. Steroid treatment works well, but is related to relapses. Patient management should be symptom-oriented, and use of steroid should be limited to those who require rapid symptom relief.
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